Effect of radius of rare-earth ions on the characteris tics of oxynitride glasses in the Ln-Si-Al-O-N sys tems (Ln=Dy, Er, Gd, La, Nd, Sm, Y, Yb) was stu died. The glass transition temperature and the soften ing temperature of these glasses were determined, but their correlation with the radius of rare-earth ions was found to be weak. Oxidation behavior of these glasses was analyzed by assuming that the weight change is proportional to the n-th power of the oxidation time, and it was found that the oxidation exponent, n, tends to decrease and that the oxidation resistance tends to increase with decreasing radius of rare-earth ions. Yb Si-Al-O-N glass had the best oxidation resistance in these rare-earth-containing oxynitride glasses. The oxi dation mechanism of the oxynitride glasses was also discussed.
Introduction
The oxynitride glasses containing rare-earth ele ments (Ln) of the Ln-Si-Al-O-N systems (here after abbreviated as Ln-Si-Al-O-N glass) have ex cellent properties such as high elastic modulus and high chemical durability)-9) and have attracted atten tion as a practical application to glass fiber for fiber reinforcement, nuclear waste glass, neutron-absor bent glass, joining agent for ceramics, etc.)
In the oxynitride glasses, the structure of glass has been studied by molecular orbital calculation, 29Si NMR, neutron diffraction, etc.,)-9) and the physical properties such as density, glass transition tempera ture, viscosity and Vickers hardness have been reported to have a tendency of increasing with in crease in the concentration of nitrogen.)-6 Because the Si-N bond is more covalent than the Si-O bond and the nitrogen atom has more bridging bonds than the oxygen atom, it is considered that the network of glass becomes more resistant against bending and the packing density of glass increases, as the oxygen atoms, which are the negative elements constituting the glass, are substituted partly by the nitrogen atoms.-9) However, the application of oxynitride glasses at high temperatures is limited, because they tend to be oxidized in air at temperatures above about 800.10)-13) Then, regarding the oxynitride glasses, the oxidation resistance should also be exa mined.
On the other hand, in the oxide glasses, the glass transition temperature and the softening tempera ture of the rare-earth-containing aluminosilicate glasses have been reported to rise with decrease in the radius of rare-earth ion.14), 15) As an origin of this phenomenon, it is considered that the field strength of rare-earth ion increases and the bonds between rare-earth ion and the surrounding oxygen become stronger as the radius of rare-earth ion decreases. However, in the oxynitride glasses, effect of the radius of rare-earth ion on the properties of glasses has not been studied particularly.
In this study, the glass transition temperature, the softening temperature and the oxidation behaviors of oxynitride glasses in the Ln-Si-Al-O-N systems (Ln=Dy, Er, Gd, La, Nd, Sm, Y, Yb) were clarified and the effect of radius of rare-earth ion on the characteristics of oxynitride glasses was investigat ed. In addition, the oxidation mechanism of the oxy nitride glass was also discussed.
Experimental procedure
The starting powders were A23 (purity: 99.9%, averaged particle size: 0.96m), Si2 (99.99%, 0.94m), Si3N4 (99.9%, 0.3m) and Ln23 (99.9%, about 1m, Ln=Dy, Er, Gd, La, Nd, Sm, Y, Yb). These powders were mixed in the presence of ethanol as the solvent to prepare specimens with the given composition. The mixture was dried and pressed at 1MPa into a disc shape with dimensions of about 30mm10mm.
This green product was melted at 1550 for 1h in a BN crucible under the nitrogen atmosphere of 0.8MPa and was then quen ched to prepare the oxynitride glasses.
The oxynitride glasses were heated at 5min up to a maximum of 1200 in a nitrogen atmosphere in order to determine the glass transition temperature, using a differential thermal analyzer (DTA), and to determine the softening temperature, using a ther momechanical analyzer (TMA). The oxidation be haviors of the oxynitride glasses in air at a tempera ture range from 1000 to 1100 were assessed by monitoring the weight changes of specimens, using a thermogravimetric analyzer (TGA); the specimen with about 444mm in dimension was set quickly into a furnace kept at a given temperature and treat ed in air to follow the weight changes.
The surfaces and the cross-sections of the oxidized specimens were observed by a scanning electron microscope (SEM) to clarify the change of micro structure during oxidation. The structures of the oxide scales and the crystalline phases were ana lyzed by using an X-ray diffractometer (XRD) and an X-ray microanalyzer (EPMA).
3. Results and discussion 3.1 Properties of rare-earth-containing oxy nitride glassses In the previous paper,16) the present authors have shown that the solidus temperatures of the Ln2Si27 A6Si213-Si2 compatibility systems (Ln=Dy, Er, Gd, La, Nd, Sm, Y, Yb), i.e. the ternary eutectic tem peratures of these systems, are in a range of 1305 1500.
In order to prepare glasses, specimens should be melted at a temperature above eutectic temperatures. Thereby, the temperature for prepar ing the various Ln-Si-Al-O-N glasses was selected to 1550.
The glass-forming regions of the A23-Ln23 Si2 systems have been already reported in the sys tems with Ln=Gd, La, Nd, Sm, Y, Yb.2) 6)8) In the previous paper,16 the present authors have shown that the solubility of Si3N4 into the A23-Y23-i2 glass is about 6mol% at 1550. If the concentration of the Si3N4 additives is kept to 5mol%, it is expect ed that Si3N4 might be soluble into every kind of A23-Ln23-i2 glass at 1550 and that the oxy nitride glasses can be obtained without the precipita tion of Si3N4 particles. Then, the (Al23)28(Ln2O3)1 (SO2)57(i4) 5 composition was selected for the preparation of Ln-Si-A-O-N glasses. The softening temperature, Td, and the glass tran sition temperature, Tg, of the Ln-Si-Al-O-N glass es with (Al2O3)28(Ln23)1(SO2)57(Si4)5 composi tion (Ln=Dy, Er, Gd, La, Nd, Sm, Y, Yb) are given as a function of the radius of rare-earth ion in Fig. 1 . Although Td and Tg seem to have a weak tendency of rising with decrease in the radius of rare-earth ion, the strong correlation between them as reported in the A23-Ln23-i2 glasses14 has not been ob served in the present Ln-Si-A-O-N glasses. Be cause the density of oxynitride glass has been al ready increased by the incorporation of nitrogen atoms, the effect of the radius of rare-earth ion on the properties of the oxynitride glasses might be small compared with that of the oxide glasses. Since Tg and Td of glasses are generally dependent on com position, details should also be investigated in the In the previous paper,13) the present authors have studied the oxidation behavior of the Y-Si-A-O-N glass and shown that the activation energy for oxida tion has different values at temperatures below and above Td. Then, to clarify the effect of the rare-earth ion on the oxidation behaviors of the Ln-Si-Al-O-N glasses, the weight changes of glasses during oxida tion were monitored by TGA in air at 1037, which is higher than Td of these glasses. The relationships between relative weight change, W/Wmax, and holding time, t, in these glasses are shown in Fig. 2 . These relations are generally represented by the fol lowing formula:
(1) where W is the weight change during oxidation, Wmax is the theoretical weight change assuming that Si3N4 is completely oxidized into Si2, C is the rate constant for oxidation and n is the oxidation ex ponent dependent on the oxidation mechanism. The observed log(W/Wmax)-logt relation be comes nearly straight line with a slope, n, in the spe cial range of holding time. In the Sm-Si-A-O-N glass, n equals 1.0 at the initial stage of oxidation and 2.0 at the final stage of oxidation. On the contrary, in the Yb-Si-Al-O-N glass, n equals 1.0 at the initial stage, 1/2 at the middle stage and 1/6 at the final stage of oxidation. From these results, it is clarified that the Y-Si-Al-O-N glass has the poorest oxida tion resistance and the Yb-Si-Al-O-N glass has the best oxidation resistance in these glasses. The weight gains at the initial stage of oxidation in the glasses with Ln=Dy, Gd and Er are smaller than that of the glass with Ln=Yb. This is ascribed to the fact that the weight gain appears gradually after the appearance of the initial weight loss, which is proba bly due to the partial decomposition of oxynitride glass before the initiation of oxidation. The initial weight loss has also been reported for the oxidation of the Ca-Si-Al-O-N glass.
As the oxidation mechanism of nitride, it is gener ally accepted that the oxidation rate is controlled by the interface reaction when n=1.0, by the diffusion in the oxide scale when n=1/2 and by the autocata lytic reaction when n>1.13), 19) It is also generally known that the thermal decomposition of the various kinds of inorganic compounds occurs by the autocata lytic reaction.20) the oxidation rate is smaller than that of the linear law (n=1). The SEM micrographs (back-scattered electron image) of the surfaces of the Ln-Si-Al-O-N glasses oxidized at 1040 for 24h in air and the X-ray diffrac tion patterns of the oxide scales in these glasses are shown, respectively, in Fig. 4 and Fig. 5 . In Figs.  4 (a) and (b) , large and black areas are the open pore. In the glasses containing rare-earth with large ionic radius such as La and Nd, the oxide scales have many open pore as shown in Figs. 4 (a) and (b) . From the X-ray diffraction patterns shown in Figs. 5 (a) and (b), the oxide scales are found to be mainly amorphous, although they contain small amount of Al6Si2O13; the black needle-like particles observed in Figs. 4 (a) and (b) are considered to be Al6Si2O13.
On the contrary, in the glasses containing rare earth with small ionic radius such as Er and Yb, the oxide scales seem to be very fine and dense, having less open pore, as shown in Figs. 4 (e) and (f) . From the X-ray diffraction patterns shown in Figs. 5 (e) and (f), the oxide scales are found to be crystalline. Of the crystalline phase existed in these scales, the amount of Ln2Si2O7 (rare-earth disilicate) seems to be much larger than those of Al6Si213 and Si2. In the back-scattered electron images of Figs. 4 (e) and (f), white portion is considered to be the position where the crystallites of Ln2Si27 exist.
In addition, in the oxide scales of the glasses con taining Gd and Dy, the amounts of the open pore and the crystalls in them seem to be intermediate be tween those of the Nd and Er-containing glasses as shown in Figs. 4 and 5.
As revealed in Fig. 5 , in the Ln-Si-A-O-N glass es, nature of the oxide scales tends to become more crystalline and the amount of Ln2Si27 in the oxide scales tends to increase as the radius of rare-earth ion decreases. In the previous paper, the present authors have shown that the eutectic temperature of the Ln2Si2O7-A6S2O13-2 compatibility system has a tendency of rising with decrease in the radius of rare-earth ion. 16 Because this eutectic tempera ture is the lowest temperature for the coexistence of the solid (Ln2Si27, A6Si213, Si2) and the liquid phases, it is suggested that the enthalpy of formation (H) for Ln2Si27 tends to increase with decrease in the radius of rare-earth ion. This may cause the in creasing tendency of becoming crystalline and grow ing crystals of Ln2Si27 in the oxide scales with decrease in the radius of rare-earth ion. It is consi dered, moreover, that the viscosity of glasses tends to increase in the systems with higher eutectic tem perature and with smaller radius of the rare-earth ion. 2 As revealed in Figs. 2 and 3 , the oxidation resistance of the Ln-Si-A-O-N glasses is consi dered to increase as the radius of rare-earth ion decreases. As an origin of this phenomenon, it is con sidered that the viscosity of glass increases and that the oxide scale becomes more crystalline as the radius of rare-earth ion decreases. Then, in the Ln Si-A-O-N glasses containing rare-earth ion with large ionic radius, because the glass is suggested to have low viscosity and the amorphous oxide scale, the simultaneous decomposition and oxidation occur at high temperature in air accompanied with the for mation of bubbles and the frothing, which may ac The effects of Si3N4 concentration on Tg and Td of the oxynitride glasses in the quasi-binary (A23) Yb2O3)12SiO2)68Si3N4 system are shown in Fig.  6 . Tg and Td tend to rise as the Si3N4 concentration increases until they become to the almost constant values in the region of Si3N4 concentration above about 6mol%, where the coexistence of two phases (Si3N4 precipitates in the glassy phase) has been confirmed by XRD and SEM. From these results, the solubility of Si3N4 into this A23-Yb23-i2 glass is found to be about 6mol% at 1550 The relative weight change of the Yb-Si-A-O-N glass with (A23)18.9(Yb2O3)11.3(2)64.3(Si3N4)5.5 composition, which is the highest concentration of Si3N4 obtained in Fig. 6 , was monitored by TGA in air at the temperature range of 1038-1089 (1311 1362K). The results are given in Fig. 7 . In this glass, n equals 1 at the initial stage, 1/2 at the middle stage and 1/6 at the final stage of oxidation. Then, as the oxidation mechanism, it is considered that the in terface reaction controlled oxidation occurs at the ini tial stage and that the diffusion controlled oxidation occurs at the middle stage. At the final stage, n equals 1/6, which is lower than that (n=1/2) of the parabolic law.
When the oxidation temperature is changed, the log(W/Wmax)-logt line is shifted in parallel, sug gesting that the rate constant for oxidation, C, is a function of temperature. In each oxidation stage, in C is plotted against 1/T (Arrhenius plot) in order to determine the activation energy E for oxidation, as shown in Fig. 8 . The E values in the present Yb Si-Al-O-N glass are smaller than those (760-1340 kJ/mol) of the Y-Si-Al-O-N glass.13) This implies that the temperature dependence of the oxidation rate in the former is milder than that of the latter.
To clarify the difference of oxidation mechanism between the stages of n=1/2 and n=1/6, the SEM micrographs of the cross-sections of the Yb-Si-Al -N glasses , which were oxidized at 1069 for 12h
and at 1089 for 20h, respectively, are shown in Figs. 9 (a) and (b). In the stage of n=1/2, as shown in Fig. 9 (a) , the dense and crystalline oxide scale has been formed and any crystal has not been grown at the interface between the oxide scale and the glass, although some crystallites have been already grown locally in the inner parts of the glass, suggest ing the partial occurrence of the crystallization. In the stage of n=1/6, as shown in Fig. 9 (b) , many crystals have been grown from the interface to the in ner part of the glass, although some crystals have been already grown locally in the inner parts of the glass also at this stage. The white crystals in Fig.  9 (b) were confirmed to be Yb2Si2O7 and the black ones to be A6Si2O13 by EPMA. From these results, at the stage of n=1/6, the crystals such as Yb2Si2 are suggested to be nucleated at the interface and to grow from the interface to the inner part of the glass; this may decrease the amount of glassy phase at the vicinity of interface and decrease the diffusion rate of mobile species, and as a result, the oxidation rate may become smaller than that of the parabolic law. In addition, in the temperature range above about 1100, because the glass has a strong tendency of being crystallized, the oxidation rate decreases and the n C-1/T relation shown in Fig. 8 deviates from the straight line, although details are omitted in this paper. Moreover, the formation of Yb2Si2O7 in the oxide scale and the growth of Yb2Si2O7 at the inter face, as observed in Fig. 5 (f) and Fig. 9 , suggest that there is a possibility of the outward migration of Yb ions during oxidation of the Yb-Si-Al-O-N glass.
From these results, the Yb-Si-A-O-N glass is considered to have a good oxidation resistance and to become a candidate of the new functional material having self-repairing-type oxidation inhibition, be cause its oxidation rate is reduced as the crystalliza tion is initiated at the interface when the surface is oxidized.
4. Summary The properties of rare-earth-containing oxynitride glasses in the Ln-Si-A-O-N systems (Ln=Dy, Er, Gd, La, Nd, Sm, Y, Yb) were investigated and the following results were obtained.
(1) The glass transition temperature and the softening temperature in these glasses are in a range of 915-950 and 960-1020, respectively. (2) The correlation between the glass transition and softening temperatures of glasses and the radius of rare-earth ion is weak in these oxynitride glasses.
(3) The oxidation behaviors of the Ln-Si-A-O N glasses were analyzed by assuming that the weight change was proportional to the n-th power of oxidation time, and it was found that the oxidation exponent, n, tends to decrease and that the oxidation resistance tends to increase as the radius of rare-eath ion decreases.
(4) The Yb-Si-A-O-N glass has the best oxida tion resistance in the Ln-Si-A-O-N glasses ob tained in this work.
(5) In the oxidation process of the Yb-Si-A-O N glass, n equals 1 at the initial stage (interface reac tion controlled oxidation), 1/2 at the middle stage (diffusion controlled oxidation) and 1/6 at the final stage of oxidation. In the stage of n=1/6, the oxida tion rate is decelerated than that of the parabolic law, because many crystals grow from the interface to the inner parts of glass and the amount of glassy phase at the vicinity of interface are contracted dur ing oxidation.
